Mate guarding is a widespread behaviour resulting from sperm competition and conflict over optimal remating rates. It is a key way in which males exhibit differential mating investment, and represents a complex interplay between mating effort, intrasexual competition, opportunity costs and sexual conflict. Nevertheless, although there are many examples of exaggerated male structures used to fight rivals, few animals have developed specialized male morphological adaptations for directly sheltering females from disturbance by non-rivals. Here we report on the use of sexually dimorphic, elongated male hind legs, which are used to guard females in the New Zealand cave wētā Pachyrhamma waitomoensis (Orthoptera: Rhaphidophoridae). We found that male hind legs alongside the female failed to deter rivals from accessing her or disrupting copulation. However, they did reduce the disturbance to females from other, non-rival animals such as juveniles and heterospecifics. Males with longer hind legs were more effective in reducing disturbance, and remained with females for longer. Longer guarding periods also led to higher numbers of matings between pairs. Models of males with artificially altered hind leg dimensions also showed a benefit to greater leg length, and artificially altering the disturbance rate to females also had a significant effect on pair duration. Our results indicate that nuisance disturbance to females may play an important role in driving sexual selection on male leg length and its exaggeration in this species.
Introduction
Male animals from diverse taxa display exaggerated morphological adaptations driven by sexual selection [1, 2] . Because such exaggerated structures occur despite being costly to develop and carry [3] [4] [5] , the selective advantage of possessing such traits must be great. Many of these structures serve as weaponry for fighting sexual rivals (e.g. [6, 7] ), and others serve as ornaments for attracting or courting mates [8] . Some exaggerated weapons, such as the enlarged forelegs of harlequin beetles (Acrocinus longimanus) also flank females during mating and mate guarding [9] . However, the relationship between the size of exaggerated male traits and their effectiveness in physically shielding females from disturbance is largely unexplored.
Mate guarding behaviour has evolved in response to male competition in diverse groups (e.g. [10] [11] [12] [13] [14] ). It is also prevalent among insects [15] and well-studied in the Orthoptera, with males being shown to defend females from other suitors [16] , or predators [17] , or to defend their own nuptial gifts from removal by the female [18] , or scavengers [19] .
These different functions of mate guarding are explained by three hypotheses: firstly that guarding improves ejaculate retention time by females (the ejaculate protection hypothesis, [18, 20] ), secondly, that guarding allows males to retain the female while he produces a new spermatophore to transfer to & 2018 The Author(s) Published by the Royal Society. All rights reserved.
her (the spermatophore renewal hypothesis, [20, 21] ), and thirdly that guarding prevents access by competing males (the rival exclusion hypothesis, [22] ). Each of these hypotheses is supported by studies of animals which conform to their predictions (e.g. [23 -25] ).
We explored the potential use and benefits of exaggerated structures in mate guarding in the remarkable New Zealand cave wētā Pachyrhamma waitomoensis (Orthoptera: Rhaphidophoridae) which possess highly sexually dimorphic hind legs. One of the unique aspects of P. waitomoensis' ecology, which directed our questioning, was the observation that females appear to be frequently disturbed by juvenile wētā and heterospecifics moving through their dense and somewhat chaotic cave community.
Our specific key questions were: (i) does prolonged mate guarding result in higher mating success for males? (ii) does disturbance of females by either (a) rival males or (b) juveniles or heterospecifics, affect the duration of mate guarding? and (iii) does the length of the guarding male's hind legs reduce the rate of disturbance to females?
Material and methods (a) Study system
Pachyrhamma waitomoensis are nocturnal scavengers which retreat during daylight into dense aggregations within limestone karst caves. One of their most striking features are their extremely long hind legs and filiform antennae, summing to a total length from hind-tarsus to antenna-tip of over 350 mm in males, despite having relatively ordinary (for wētā) body lengths of 30 -35 mm. These features are also sexually dimorphic, with male hind leg lengths averaging 120 + 1 mm (n ¼ 118), and female's averaging 77.6 + 0.7 mm (n ¼ 48).
Males remain positioned with females for several hours at a time, despite only taking approximately 1 min to complete copulation. During this extended association, males repeatedly mate with the same female. While paired, the male wētā keeps his hind legs along both sides of the female, so as to completely flank her (figure 1).
Juveniles consistently make up the bulk of the wētā aggregations (which can include over 100 individuals), and other species (mostly the small cave wētā Pallidoplectron turneri) also contribute a significant but variable portion to this community. All animals except adult male P. waitomoensis (i.e. non-rivals in mate competition) are hereafter referred to as nuisance organisms or nuisances, as their interactions with adult P. waitomoensis are restricted to cases of physical disturbance. The bustle of nuisances within aggregations culminates in a large number of potential interactions with P. waitomoensis pairs (figure 2).
(b) Field observations
We collected behavioural data from caves located at Stubbs' Farm, Awatiro, Waitomo, in the North Island of New Zealand (38.260592 S, 175.027031 E). To examine natural mating behaviour, we set up Bushnell w HD trail cameras to record wētā aggregations using their built-in field-scan function and infrared illumination. We placed 3 -5 cameras (enough to cover the full area occupied by the wētā) at each aggregation and set them to record video for 24 h periods. We positioned cameras on the cave floor or on tripods, pointing vertically to film the overhanging rock surfaces at a distance of approximately 1.5 m.
From video we recorded the following: duration of association between pairs, frequency of copulations and frequency of disturbance to guarded and unguarded females. We defined disturbances for this purpose as a collision between a stationary female's body (not including her antennae) and another organism of great enough impact to cause her to move at least one leg. To illustrate the difference between disturbance of guarded and unguarded females (figure 2), we traced the paths of nuisances over video footage using Microsoft w POWERPOINT w . The paths of all nuisances from 600 min of footage each of guarded and unguarded females were compiled into the two images.
We regressed number of copulations against duration of association between pairs using a standard linear model in R (R Core Team 2016). We tested for differences in disturbance rate to guarded (n ¼ 61) and unguarded females (n ¼ 96), and females guarded by males naturally missing one hind leg (n ¼ 11) using one-way ANOVA and Tukey post hoc tests in R.
(c) Effect of nuisance disturbance to pairs
We located naturally occurring pairs in caves during the day, and alternately assigned them to disturbance regimes of either one disturbance per 5 min (n ¼ 46) one disturbance per 10 min (n ¼ 57), or no disturbance (control n ¼ 77). We carefully cleared away nearby organisms from each control pair's immediate surroundings, such that none would interact with the pair for the observational period. We exposed treatment pairs to a regular disturbance rate by selecting the nearest juvenile P. waitomoensis and stimulating it to move by touching a hind leg with a piece of fine monofilament fishing line. We directed the juvenile wētā towards the pair from whichever direction it was initially positioned, and continually caused it to move until it disturbed the focal female. We observed all pairs for 60 min or until the pair separated.
We compared differences in the duration of association of pairs in each group using one-way ANOVA and post hoc Tukey tests in R.
(d) Effect of leg length on guarding
To assess whether male hind legs were effective in reducing disturbance rates under natural conditions, we sought out pre-existing pairs of mating wētā (n ¼ 22) on cave walls. We caused a juvenile P. waitomoensis from nearby to move by touching its hind leg with a piece of monofilament, until it came into contact with either member of the pair. We repeated this once per 3 min with new nuisances until the pair separated by 3 cm, at which point the male was caught and his hind legs were measured. We counted the number of disturbances (defined as per above) caused to the female by the nuisances during this period. We then divided the number of these artificially induced nuisances by the number which actually disturbed the female, (e) Effect of leg length on nuisance movement
We killed four adult male P. waitomoensis (hereafter 'models') by freezing, and pinned them to a foam tracking grid marked with 1 cm square cells. All models were of identical body length +2 mm, but differing hind leg length. Two were from either end of the natural leg length variation range (one with 111 mm hind legs, hereafter 'short-legged model', and one with 135.5 mm legs, hereafter 'long-legged model') and two were artificially altered by cutting and adhering their hind legs to produce different lengths with the use of steel entomology pins, creating unnaturally short legged (71 mm hind legs, hereafter 'extrashort-legged model') and long legged (175.5 mm hind legs, hereafter 'extra-long-legged model') specimens. Control 'natural' leg length models also had their legs cut, pinned and glued. The models were pinned in their natural guarding posture to the centre of the foam tracking grid. We placed each grid and model into a rectangular plastic arena measuring 35 by 49 cm, and took these into caves in Waitomo.
Subsequently, we caught 50 juvenile wētā to act as nuisance organisms. We placed these into a mesh cage and left them for 30 min before introducing them singly to an arena. We observed the arena under dim red light and recorded the nuisance movement paths for 5 min on a tracking sheet. We then counted the number of paths intersecting each cell within the area 'guarded' by the model. To determine the limits of this 'female space', we used the area that would be taken up by a female with average lengths of legs, body and ovipositor (from n ¼ 48 females measured with callipers). We tested for differences in nuisance/cell between each model using one-way ANOVA and post hoc Tukey HSD tests in R.
Results
(a) Natural history and mating system observations During the day time, wētā (both P. waitomoensis and the smaller P. turneri) gathered in dense colonies at particular locations within caves, usually hanging from the upper cave surface. Other invertebrates including velvet worms (Onychophora), glow-worms (Keroplatidae), spiders (Araneae) and harvestmen (Opiliones) also occasionally appeared within the aggregations. Adult P. waitomoensis typically occupied the centre of the aggregation. Likewise, we typically found mating pairs in the middle of aggregations, although we more rarely observed them mating elsewhere. Pairs experienced frequent disturbance as other organisms moved around them (especially around dawn and dusk when a large portion of the population move in or out of the cave). We never observed wētā mating outside of caves.
From our video recordings of natural aggregations in the field, we observed that P. waitomoensis appear to have a convenience polyandry mating system, with pairs forming and reforming continually throughout the hours which they spend in refuge, although these pairs can last for many hours (mean ¼ 140 min + 15 s.e., n ¼ 101). The paired wētā mate many times at regular intervals with the duration of mating associations thus strongly predicting the number of copulations a male can achieve with any particular female. When males spent longer periods guarding females, they achieved a higher number of copulations (linear model estimate: 0.0697, s.e.: 0.007, t: 9.320, R 2 : 0.569, p , 0.0001; figure 3 ). All observed intrusions of rival adult males to mating pairs (n¼ 12) led to the termination of the guarding association, therefore, prolonged mate guarding was not effective against rival adult males. However, females guarded by males were disturbed less often by nuisance organisms than those which were not, having lower numbers of disturbances per minute (F 2,164 ¼ 56.12, p , 0.0001; figure 4 ).
(b) Effect of nuisance disturbance on pairs
When we experimentally increased the rate of nuisance disturbance to one per 5 min (n ¼ 46) and one per 10 min (n ¼ 57), females did not remain paired with males for as long as those in control pairs (n ¼ 77) that were not disturbed at all (ANOVA: F 2,176 ¼ 124.3, p , 0.0001; figure 5 ).
(c) Effect of leg length on guarding
We subjected pairs of wētā (n ¼ 22) to a continual stream of induced nuisances at a rate of one per 3 min until the pair separated. There was a positive correlation between male guard's hind leg length and the number of experimentally induced nuisances that they fended off per actual disturbance 
(d) Effect of leg length on nuisance movement
When we introduced nuisances to arenas containing model guards of differing leg lengths (n ¼ 50), the numbers of nuisances crossing each grid cell within the 'female space' guarded by each of the four wētā models were significantly different (ANOVA: F 3,248 ¼ 38.96, p , 0.0001; figure 7 ). This indicates that less movement of nuisance organisms occurred in the 'female space' of models with longer legs.
Discussion
We have presented the first description for any animal, of which we are aware, of a male benefit to mate guarding owing to reduced disturbance of females by juvenile and heterospecific 'nuisance' animals. Mating pairs of P. waitomoensis remained together for extended periods, and the longer the association the more times they copulated (figure 3). We found that females which were not flanked by male hind legs suffered a greater rate of disturbance from nuisances (figure 4), and that when paired, such disturbances reduced the duration of association ( figure 5 ). In addition, models of males with greater hind leg length appear to be superior in preventing the movement of nuisances into the area occupied by guarded females (figure 7). During a period where nuisances regularly came into contact with pairs of P. waitomoensis, females were approximately three to four times less likely to be disturbed by each nuisance when guarded by males with the longest hind legs, compared with those guarded by males with the shortest hind legs (figure 6). If we assume that a three-fold decreased likelihood of disturbance translates into a concomitant three-fold increase in the duration of the mating association, we might expect (based on the data presented in figure 3 ) that a male with the longest hind legs could accrue approximately triple the number of copulations. This is of course also based on an assumption of frequent and regular interactions with nuisances, and variable natural disturbance levels in the wild would lead to variable advantages to the most exaggerated legs.
Taken together, our data suggest a unique mode for mate guarding to be advantageous to males even in the absence of direct mate competition whereby males with long hind legs fend off disturbances, enabling them to retain females for long periods. This particular advantage to mate guarding may also be a consequence of both the high density of this aggregated community, and of the cave wētā's lightless habitat. In this environment, the wētā's high tactile sensitivity and propensity to flee from disturbances [26] , appear to have made guarding against nuisance movement an important part of their mating system. This may also occur for other animals where males need to maintain mating associations in low-visibility environments or densely populated communities where physical contact between guarded mates and non-rival organisms is likely. Other dense communities of troglobitic (cave) [27] or stygobitic (groundwater) [28] species, or mixed-species swarms of insects [29] , may also select for males who can monopolize females despite frequent disturbance by heterospecifics.
Pachyrhamma waitomoensis appear to match the ejaculate renewal hypothesis for mate guarding, as longer associations allowed males to mate more often. While all subsequent copulations may not be equally valuable owing to the potential for ejaculate depletion [29] , there are numerous potential benefits to males from this: (i) an advantage in sperm competition [30] ; (ii) increasing transfer of water, nutrients or semiochemicals [31, 32] ; (iii) improving uptake of the male's sperm (e.g. [33] ); (iv) stimulating the onset of oviposition [15, 34] ; (v) enhanced copulatory courtship [35, 36] ; and (vi) ensuring or increasing the female refractory period (e.g. [37, 38] ). If such advantages did not exist, we find it highly unlikely that males would invest so much time repeatedly copulating with the same female, rather than searching for a novel mate [39, 40] . Thus it seems costly to male P. waitomoensis to have their partner disturbed, and the association shortened. Extended mate guarding is generally considered costly to females and a manifestation of sexual conflict [12, 34, 41, 42] , but in this case, females may benefit from male guarding owing to the reduction in disturbance and contact with other organisms. This is especially true because the behaviour primarily occurs while they are resting inside refugia rather than foraging or ovipositing, reducing the opportunity costs of spending hours stationary and guarded by a male [12] . Extended mate guarding and repeated copulation also does not seem costly to females in P. waitomoensis because they could easily leave a pairing (as they are not grasped or trapped by males), but we did not observe them to do so unless disturbed by juveniles or heterospecifics. They could easily refrain from repeated matings for the same reason but again do not, and they do not commonly move away from or resist males which initiate guarding, as in other species (e.g. [43] ). Females of some species receive benefits from mate guarding, such as indirect genetic benefits, reduced predation, improved information uptake for mate choice or reduced male harassment [17, [44] [45] [46] [47] [48] . We propose that the reduced disturbance experienced by guarded female P. waitomoensis is a novel and further example of a female benefit of mate guarding. Males of many animal species have structures that appear to facilitate mate guarding. External genitalia [49] [50] [51] , legs [52] and even antennae [53] may all function to clasp females during mating and periods of mate guarding. It is however difficult to disentangle whether such structures have evolved to overcome female resistance, or specifically to prevent rivals from usurping their mating position [54] . Similarly, some exaggerated male weaponry also surround or overarch females during mating and mate guarding (e.g. [9, 55] ). However, we are not aware of any other study which has demonstrated that exaggerated male traits improve male mating success owing to a reduction in female disturbance, either by rivals, or in this case, by juvenile and heterospecific nuisances.
Despite their delicate appearance, the hind legs of males in this species are also used as armaments in intrasexual contests, where superior leg length is also advantageous [56] . Hence, sexual selection on this morphological trait arises from two sources, and favours the same result (leg exaggeration), which has probably contributed to the extreme morphology displayed by the males of this species. Consequently, there appears to be selection from both intra-and interspecific, as well as intra-and intersexual interactions acting upon them.
This supports the call of Willemart et al. [57] to carefully observe male-male interactions as well as copulatory behaviour when investigating the function of sexually dimorphic structures.
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